We show that chalcogenide glass As 38 Se 62 capillaries can act as efficient waveguides in the whole midinfrared-terahertz (THz) spectral range. The capillaries are fabricated using a double crucible drawing technique. This technique allows to produce glass capillaries with wall thicknesses in the range of 12 to 130 μm. Such capillaries show low-loss guidance in the whole mid-IR-THz spectral range. We demonstrate experimentally that low-loss guidance with thin capillaries involves various guidance mechanisms, including Fresnel reflections at the capillary inner walls, resonant guidance (ARROW type) due to light interference in the thin capillary walls, as well as total internal reflection guidance where very thin capillary walls act as a subwavelength waveguide, which is especially easy to observe in the THz spectral range.
INTRODUCTION
Chalcogenide glasses have attracted strong interest in a view of optical applications in the near-IR and mid-IR spectral ranges (1-14 μm) [1] due to their relatively low losses and high nonlinearities. Furthermore, chalcogenide glass-based microstructured fibers open many interesting possibilities for a large number of applications in the mid-IR spectral range, where applications in optical sensing [2] , supercontinuum generation [3, 4] , single-mode propagation of IR light [5] , and transmission of the CO and CO 2 laser radiation [6, 7] have already been demonstrated. We believe that chalcogenide glasses can be also of great interest to the THz spectral range for several reasons. Particularly, as indicated in [8] these glasses offer very high refractive index, and their absorption losses show several regions of relatively low loss and high nonlinearity.
In this paper, we investigate low-loss chalcogenide capillary-based waveguides that operate both in the mid-IR and THz spectral ranges. By exploiting the outstanding performance of chalcogenide glasses in the mid-IR and THz spectral ranges one can envision building fiber-based THz light sources with pumping in the mid-IR.
The main difficulty in designing THz waveguides lies in the fact that almost all materials are highly absorbent in the THz region [9] . Since the lowest absorption loss occurs in dry gases, an efficient waveguide design must maximize the fraction of power guided in the gas. Different types of THz waveguides have been proposed based on this concept [8, 10] . Thus, a subwavelength waveguide [10, 11] features a core with a size much smaller than the wavelength of light, and as a consequence, a large fraction of the guided light is found outside of the lossy core region. Another type of a low-loss waveguide is presented by the hollow-core fibers featuring a structured cladding that traps the light in the fiber core. As in the case of subwavelength waveguides, hollow-core fibers confine most of the guided light within the low-loss gas region. In the design of hollow-core fibers the main challenge is to ensure high reflection efficiency at the core-cladding interface. Different cladding structures have been developed for the hollow-core-type waveguides, that include metallic reflectors [12] [13] [14] and various resonant multilayered dielectric [15] [16] [17] reflectors.
Among the hollow-core waveguides with resonant dielectric reflectors the simplest ones are in the form of a capillary [16, 17] . In the following we refer to this type of waveguide as pipe waveguides. The structure of the THz pipe waveguide is very simple and consists only of a pipe featuring a thin dielectric layer on its inner surface with a layer size comparable to the wavelength of light. The hollow core defined by the pipe has a diameter that is typically much larger than the wavelength of light. Similar pipe structures have also been demonstrated for guiding IR light [18, 19] . The guiding mechanism of pipe waveguides has a resonant nature and is generally referred to as an ARROW type guidance. Finally, we note that ARROW guidance is distinctly different from the total internal reflection (TIR) guidance mechanism employed by the subwavelength-sized low-refractive-index discontinuity waveguides [20] .
In this paper, we detail using thin chalcogenide glass As 32 Se 68 capillaries for guidance in the mid-IR and THz spectral regions.
The guiding mechanism in such capillaries has been well described [21, 22] . In the THz spectral range they guide via total internal reflection, while in the mid-IR spectral range guiding mechanism is dictated by the antiresonant reflection conditions where the wall of the capillary acts as a FabryPerot resonator [16, 17] . At the resonant frequencies, the light leaks through the capillary wall and leaves the waveguide. While under the antiresonant condition, the field is strongly reflected by the capillary wall leading to field confinement in the hollow core. Transmission windows are delimited by the resonant frequencies that can be accurately predicted. Only few percent of power is guided in the material and most of the guiding is in the air. The attenuation in the transmission bands usually is remarkably lower than in the bulk material. In the silica pipes at THz frequencies, the attenuation coefficient can be lower than 0.03 cm −1 (13.62 dB ∕ m), whereas silica absorption is around 2 cm −1 [21, 23] , leading to an attenuation coefficient of the propagated field significantly lower than the material absorption coefficient. However, an increase of the losses is unavoidable owing to wall-thickness variations in the fabricated capillaries.
Notably, the same chalcogenide capillary can act as an ARROW waveguide in the mid-IR and as a TIR waveguide in THz.
GLASS SYNTHESIS AND CAPILLARIES FABRICATION
The capillaries in this work are drawn under pressure from the chalcogenide glass melt by using a double crucible drawing technique [6, 23, 24] . The wall thickness of the glass capillary is controlled during drawing using temperature and pressure, thus allowing fabrication of very thin capillaries with wall thickness ranging in the 12 μm [ Fig. 1(b) ]-130 μm [ Fig. 1(a) ].
Chalcogenide glasses are typically synthesized from pure chemical elements, where bulk samples of vitreous arsenic chalcogenides of optical grade are produced by solidification of the glass-forming melt [25] . We here use As 38 Se 62 glass. This composition was chosen because of its higher stability against crystallization during the drawing compared to As 2 Se 3 . An 80 g glass preform was prepared from the pure materials (Se: 99.999% 5N and As: 99.999% 5N). The compounds are introduced in a chemically cleaned and dried silica ampoule. The ampoule was then evacuated using a diffusion vacuum pump to the pressure of 5 × 10 −7 mbar and placed into a rocking furnace where the glass is melted at temperatures above 600°C. In the next step, the glass is first slowly cooled down to 450°C and then quenched in cold water in order to solidify the glass-forming melt. The obtained glass rod is then annealed overnight under a temperature close to the glass transition temperature T g (T g 165°C) so as to reduce inner stress caused by the quenching. The chalcogenide glass rod is then removed from the silica ampoule and inserted into the quartz-based double crucible.
Traditionally, the double crucible setup is used to draw step index fibers in which both volumes of the double crucible contain core and clad glasses with different refraction indices (i.e., different chemical compositions) in order to yield either a multimode or single-mode fiber, depending on the core size in the final fiber [25] . A schematic of our drawing tower with the double-crucible method is presented in Fig. 2 . In our case, the volume of the crucible designed for the fiber core remains empty while the clad crucible contains the synthesized As 38 Se 62 glass. The entire chamber with the double crucible is purged at 50°C overnight with a constant flow of N 2 to avoid O 2 and dust particles in the heated zones.
The temperature slowly increases from the bottom to the top of the crucible. In the higher zone, at 400°C the glass starts to melt and flows down to the cooler zones (∼295°C) along the crucible, thus the viscosity of the melt in the lower zones is higher, which enables us to have a slower and more controllable flow. At the tip of the double crucible, a drop of glass is formed and as it goes down by gravity, the fiber is drawn like in a conventional fiber drawing tower. As soon as the drop reaches the tractor, it is pulled down with a controlled speed; meanwhile, the pressure in the core crucible is increased in order to form a capillary. By varying the drawing conditions, such as tractor speed and pressure in the core, numerous dimensions of capillaries and wall thicknesses have been obtained.
In case of capillaries with thin walls (around 20 μm), the mechanical stability of the drawn fiber can sometimes be low. If the walls of the capillary are very thin, they can be easily crushed due to squeezing within mechanical parts of the tractor during the fabrication or later with fingers. For the capillaries with the outer diameter of 2 mm and wall thickness 80 μm minimal bending radius is around 15 cm, which demonstrates good mechanical strength. However, capillaries with thinner walls are still very fragile and are almost impossible to be bent. Figure 3 presents the absorption loss of the As 38 Se 62 rod-inthe-air fiber with diameter 350 μm in the 1-12 μm spectral range obtained by the cut-back measurement from 1 m to 30 cm. The minimum of attenuation is about 2.89 dB ∕ m at 3.85 μm. One can notice that the absorption bands due to hydrogen impurities (O-H and H 2 O) are important compared with the Se-H band at 4.5 μm. Such impurities can be in principle removed by using standard static or dynamic distillation processes that require complex glassware [25] [26] [27] . Increase of the optical losses in the 10-12 μm spectral region is usually explained by the effect of the oxygen impurity (Se-O, arsenic oxides) [28] [29] [30] .
ABSORPTION LOSS OF THE AS 38 SE 62 GLASS
In the mid-IR spectral range we have used Sellmeier fit of the real part of the refractive index versus wavelength [31] :
where A 0 2.234921, A 1 0.24164, A 2 0.34744, A 3 1.308575, resulting in the values in the range 2.76-2.8. As 38 Se 62 glass in the 2-12 μm range features relatively small absorption losses 0.01 cm −1 , while showing complex and generally nonmonothonic growth of the absorption losses with the subsequent increase of the wavelength [6] in the 4-18 THz spectral range.
Refractive index of the chalcogenide glass in THz spectral region was measured in-house using THz-time-domain spectroscopy (TDS) setup. Real part of the refractive index was found to be nearly constant in the whole 0.1-2.5 THz range and its value is approximately 3.12. Imaginary part of the refractive index in the 0.1-2.5 THz spectral range was found to increase quadratically with frequency and can be estimated as 1.9ω 50.9ω 2 , where ω is the frequency in THz.
RESULTS AND DISCUSSION
As we have mentioned earlier, the guiding mechanism of the leaky core modes in the capillary waveguide (chalcogenide glass tube) is similar to that of the antiresonant optical waveguides (ARROWs) [16, 17, 21, 22] , and can be simply described by considering the capillary wall as a Fabry-Perot étalon The resonant frequencies of the tube wall are given by the condition of the constructive interference between the multiple reflections of light between the two refracting surfaces of the wall [Fig. 4(b) ], where n 2 and n 1 denote the refractive indices of chalcogenide glass and air, respectively; θ 1 and θ 2 are incident and reflected angles with respect to the interface normal, respectively; t is the wall thickness of the capillary. Then, frequencies at which tube wall becomes virtually transparent to the incident light are given by
where c is the speed of light in vacuum, m is an integer and we suppose that radiation angle of incidence is grazing (θ 1 π ∕ 2), which is true for the capillaries with diameters much larger than the wavelength of light. These resonances result in the appearance of the periodic minima in the capillary transmission spectrum. The bandwidth of the transmission windows is given by
Or in terms of wavelength:
Modal characteristics of the pipe waveguides have been also numerically investigated using full-vector transfer matrix theory and the finite element method (Comsol software). For each capillary the attenuation constants of the lowest 12 modes of the waveguide have been calculated. The fundamental HE 11 ARROW mode has the highest coupling coefficient with an incident linearly polarized Gaussian beam and has the lowest attenuation constant. The resonance positions and the bandwidth of the transmission windows are the same for the fundamental and higher-order modes. Modal indices of the higher-order modes are somewhat lower than that of the fundamental mode. Within the ray-optics approach, this means that the higher-order modes propagate at a higher inclination angle (with respect to the propagation axis) than Absorption bands in the 3-5 μm spectral range corresponds to impurity absorptions due to SeH bond at 3.53, 4.12, 4.57 μm. Also, strong absorption bands at 2.7-2.93 μm and 6.31 μm are due to OH-group and water. the fundamental mode; the modes with higher angles at the core-cladding interface incur larger attenuation constants. Also, we note that modes of a fiber only with angular momentum equal to 1 can be excited by the incoming (centered) Gaussian beam due to symmetry considerations. Finally, distribution of the transverse E-field components E output E x output ; E y output at the output facet of a fiber of length L w is modeled as a coherent superposition of the N 12 lowest loss guided modes:
where ⃗ E output E x output ; E y output stands for the transverse field components of the m-th guided mode. The variables α m and n eff;m denote respectively the power loss coefficient and the real effective refractive index of the m-th mode at a given frequency ω. The variable C m refers to the standard normalized amplitude coupling coefficients computed from the overlap integral of the respective flux distributions of the m-th mode with that of the input beam [32] .
Transmission measurements were performed in two spectral ranges: in mid-IR from 1.5 to 14 μm by the Fourier transform infrared technique (FTIR) using a modified ABB FTLA2000 Fourier transform IR spectrometer, and in THz spectral range from 0.1 up to 3 THz by a THz-TDS setup. The setup consists of a frequency-doubled femtosecond fiber laser (MenloSystems C-fiber laser) used as the pump source and two identical GaAs dipole antennae used as source and detector of a spectrum ranging from ∼0.1 to 3 THz. Contrary to the standard THz-TDS setup where the configuration of parabolic mirrors is static, the utilized setup has mirrors mounted on translation rails. This flexible reconfiguration facilitates mirrors placement, allowing measurement of waveguides up to 50 cm in length without realigning the setup (for more details see [33] ).
A. Capillaries in Mid-IR Spectral Range
In the mid-IR spectral range, the dominant guidance mechanism is the antiresonant reflection from the capillary walls with the highest fraction of power concentrated inside the hollow core.
Very thin chalcogenide capillaries with wall thickness below 25 μm and outer diameter 1-2 mm guide very well the mid-IR radiation with losses from 7 to 16 dB ∕ m depending on the wavelength. (3) and (4) . From these fits we find that to explain the position of the transmission minima capillary, wall thickness has to have a value of t fit 21.2 4.8 μm, which is in good agreement with measurements corresponding to the wall thickness retrieved with the optical microscope t 22.1 5.5 μm [inset in the Fig. 5(a) ]. Fig. 6(a) ]. The absorption losses measured using capillaries samples are typically consistently higher than the losses of the rods of the same material. We believe that it can be explained by the surface roughness of the capillaries. The scales of this roughness and the nonuniformity of the capillaries wall thickness can be comparable with the wavelength causing the dissipation of the transmitted power.
When using even thicker capillaries, the spectral contrast between minima and maxima in the mid-IR transmission spectrum decreases, and in very thick capillaries with wall thicknesses above 100 μm, the oscillations are not detectable with the FTIR technique. Capillaries tend to show a featureless spectrum with ∼15 dB ∕ m losses. Figure 7 (a) illustrates 
B. Capillaries in the THz Spectral Range
In the THz spectral range, the thicker capillaries (∼100 μm) show clear antiresonant guidance with periodic minima and maxima as a function of frequency. Figure 8(a) illustrates the transmittance through a 50 cm long capillary with wall thickness t 98 μm and diameter 0.95 mm with total losses by power (coupling and transmission) ranging from 58 to 93 dB ∕ m depending on the frequency.
Numerical simulations show that a 50 cm long chalcogenide capillary of 0.95 mm diameter and 98 μm thickness operates in the effectively single-mode regime, while higher-order modes contribute only to small oscillations in the fiber transmission spectrum due to their higher attenuation constants.
Particularly, at low frequencies (<0.3 THz) the only guided mode supported by a capillary is a TIR mode where a thinwalled capillary acts as a subwavelength waveguide [see Fig. 9(b) ]. In this case, capillary wall thickness is much smaller than the wavelength of light, while the capillary diameter is comparable or smaller than the wavelength of light. At higher frequencies (>0.3 THz), the waveguide is again effectively single mode with the principal mode being the ARROW mode mostly concentrated in the fiber core [see Fig. 9(a) ]. In this case, capillary wall thickness is comparable to the wavelength of light, while the capillary diameter is much larger than the wavelength of light. Longitudinal energy flux distributions for the ARROW and TIR modes computed at frequencies 0.57 THz and 0.18 THz are shown in Figs. 9(a) and 9(b). The operation frequency for the ARROW mode is chosen to be in the center of a transmission band, so that the fiber fundamental mode power is confined almost entirely inside of the capillary hollow core [see Fig. 9(a) ]. In contrast, the TIR mode is guided mostly outside of the capillary with only a small fraction of power inside the hollow core [see Fig. 9(b) ]. The capillary wall thickness of 91 μm (compared to 98 μm measured thickness) was taken in numerical simulations for the best match of the positions of the transmission peaks with the experimental data. This difference can be explained by the nonuniformity of the capillaries, their average thickness can differ slightly from the value measured on their facets. Alternatively, it can be explained by an inaccuracy in measurement of the refractive index of the chalcogenide glass. Both these values are key parameters in the equation which defines the positions of minimal and maximal transmittance of the capillary when it guides through the antiresonant mechanism.
Finally, even thinner capillaries (wall thickness <20 μm) show a broad 0.5-0.9 THz transmission band [ Fig. 10(a) ] that corresponds to the TIR mode guided by the deeply subwavelength capillary walls. In Fig. 10(a) transmittance of the capillaries with 12 μm thick walls is shown for various values of the capillary length (cut-back measurements). Capillary transmission losses are low (below 0.05 cm −1 ∕ 19 dB ∕ m at 0.75 THz) in the whole transmission window of 0.5-0.9 THz. Transmission measurements at different capillary length reveal the fine spectral structure, which could be a result of the structural imperfection of the capillary walls along the fiber length. The numerical simulations using the transfer matrix method give a simple explanation to the spectral position of the transmittance peak of the TIR mode. It is simply a frequency at which the overlap between the TIR mode and incoming Gaussian beam (whose waist is proportional to the wavelength) is maximized. 
CONCLUSION
In this work we have demonstrated that chalcogenide glass As 38 Se 62 capillaries can be used as efficient waveguides covering the whole mid-IR-THz spectral range. The capillaries are fabricated using a double crucible glass drawing technique. The wall thickness of the glass capillaries can be well controlled during drawing by using temperature and pressure parameters, thus enabling fabrication of the chalcogenide capillaries with wall thickness varying in a wide range of 12 to 130 μm. Such capillaries show low-loss transmission of the mid-IR and THz light. Particularly, in the mid-IR range, guidance is mostly governed by Fresnel reflections at the inner walls of the capillary and by the resonances in the capillary walls (ARROW guidance). Additionally, in the THz spectral range, capillaries with deeply subwavelength wall can guide via a TIR mechanism.
